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Charlottesville, VirginiaABSTRACT Successful macromolecular crystallography requires solution conditions that may alter the conformational
sampling of a macromolecule. Here, site-directed spin labeling is used to examine a conformational equilibrium within BtuB,
the Escherichia coli outer membrane transporter for vitamin B12. Electron paramagnetic resonance (EPR) spectra from
a spin label placed within the N-terminal energy coupling motif (Ton box) of BtuB indicate that this segment is in equilibrium
between folded and unfolded forms. In bilayers, substrate binding shifts this equilibrium toward the unfolded form; however,
EPR spectra from this same spin-labeled mutant indicate that this unfolding transition is blocked in protein crystals. Moreover,
crystal structures of this spin-labeled mutant are consistent with the EPR result. When the free energy difference between
substates is estimated from the EPR spectra, the crystal environment is found to alter this energy by 3 kcal/mol when compared
to the bilayer state. Approximately half of this energy change is due to solutes or osmolytes in the crystallization buffer, and the
remainder is contributed by the crystal lattice. These data provide a quantitative measure of how a conformational equilibrium in
BtuB is modified in the crystal environment, and suggest that more-compact, less-hydrated substates will be favored in protein
crystals.INTRODUCTIONProteins are dynamic and structurally heterogeneous. They
exhibit collective and uncoupled motions over a wide range
of timescales (1,2) and they may assume numerous discrete
structural substates that are in equilibrium. This motion and
sampling of structural states is important and appears to be
critical to enzyme activity and allosteric regulation (3–5). In
protein crystals, dynamics and structural heterogeneity are
present, and at sufficiently high resolution, may be well
represented by the use of multiple conformations of the
side-chain (6) and backbone atoms (7).
There are indications that protein crystallization and the
conditions used for crystallization may alter protein dy-
namics and conformational sampling. Molecular dynamics
simulations of proteins in a crystal lattice have been
performed for both soluble (8–10), and membrane (11)
proteins. These computational efforts suggest that confor-
mational sampling may be altered by protein crystallization.
In addition, experiments employing precipitants or osmo-
lytes similar to those used in protein crystallization demon-
strate that these solutes may have a significant effect on
exchange between long-lived conformational substates; for
example, osmolytes have been found to alter conformational
substates involved in enzymatic activity (12,13) and ion
conduction (14).
In BtuB, the outer membrane Escherichia coli vitamin
B12 (CNCbl) transporter, an electron paramagnetic reso-
nance (EPR)-based method termed site-directed spin
labeling (SDSL), has been used to investigate the dynamicsSubmitted April 26, 2010, and accepted for publication June 14, 2010.
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0006-3495/10/09/1604/7 $2.00and structural transitions in an N-terminal energy coupling
segment termed the Ton box (15). The Ton box couples
BtuB to the inner membrane protein TonB, which provides
energy for transport (16–18). SDSL provides strong
evidence that the Ton box undergoes a vitamin B12-depen-
dent unfolding (19,20), as depicted in Fig. 1. This event
moves the Ton box 20–30 A˚ into the periplasmic space,
where it may act as a trigger to initiate BtuB-TonB interac-
tions (21). In contrast, the Ton box remains folded within the
transporter in crystal structures of BtuB either in the pres-
ence or absence of substrate. While there are small shifts
in the conformation of the Ton box upon substrate binding,
no evidence is seen for the substrate-dependent unfolding
observed spectroscopically (22).
The discrepancy between the spectroscopic and crystallo-
graphic result might have several origins. EPR spectroscopy
of membrane-associated BtuB demonstrates that there is an
equilibrium between folded and unfolded substates of the
Ton box, and that this equilibrium is shifted toward the
more folded state by the osmolytes used in the BtuB crystal-
lization (23–25). Osmolytes, such as polyethylene glycols
(PEGs), are believed to be excluded from hydrated protein
surfaces (26,27), thereby raising the energy of the protein
and reducing its solubility. As a result, the presence of os-
molytes will favor conformational substates that are less
hydrated (12,28,29). The packing of the protein within the
crystal lattice might also account for the difference between
the spectroscopic and crystallographic result. Although
protein-protein contacts within the unit cell should not
interfere sterically with the unfolding of the Ton box, the
contributions that the lattice might make to the Ton box
equilibrium are not known.doi: 10.1016/j.bpj.2010.06.026
FIGURE 1 BtuB in the (a) apo form where the Ton box position is
highlighted (PDB ID: 1NQE). (b) Vitamin B12 bound form of BtuB
showing the state of the Ton box as determined by EPR spectra and pulse
EPR distance measurements (based upon PDB ID 1NQH and spectroscopic
restraints obtained for the Ton box in bilayers (21)). This unfolding event
places the Ton box as much as 30 A˚ into the periplasmic space. (c) The
structure of the spin-labeled R1 side chain and dihedral angles that define
the rotamers of R1.
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within the protein crystal compared to the bilayer state,
we generated a spin-labeled mutant of BtuB where the nitro-
xide side chain R1 (Fig. 1 c) is incorporated into the Ton box
at position 10. EPR spectroscopy was then carried out in
parallel with x-ray diffraction and structure determination
of this labeled BtuB mutant (V10R1) using the same protein
crystals. The EPR spectra obtained from the protein crystal
indicate that the substrate-dependent Ton box transition is
blocked. This spectroscopic result is consistent with crystal
structures of this BtuB mutant, which indicate that the Ton
box remains folded and the R1 side chain buried with or
without substrate. By comparing EPR spectra of BtuB-
V10R1 in bilayers with spectra from the protein crystal,
we estimate the free energy change induced by the crystal
environment on this conformational equilibrium, and dissect
the energetic contributions made by solute and the crystal
lattice.MATERIALS AND METHODS
Mutagenesis, expression, and purification
The V10C mutation was introduced into btuB using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA), and was subsequently
verified by nucleotide sequencing. Expression and purification of BtuB for
the formation of protein crystals was performed as described previously(22), and BtuB was reconstituted into vesicle bilayers by following a
procedure described elsewhere (30).Spin labeling
For spin labeling, the first round of purification was paused before initiation
of the salt gradient. The Q-Sepharose slurry (Amersham, Piscataway, NJ)
bound with BtuB was transferred to a conical tube and reacted with
1 mL of 45 mM S-(1-oxy-2,2,5,6-tetramethylpyrroline-3-methyl)methane-
thiosulfonate (MTSL; Toronto Research Chemicals, Ontario, Canada) for
4 h at room temperature.Crystallization and crystallographic data
collection
Purified BtuB (11 mg/mL in 30 mM Tris pH 8.0, 20 mM C8E4) was crys-
tallized by mixing 1 mL of BtuB and 1 mL of reservoir buffer in an EasyXtal
hanging-drop tray (Qiagen, Germantown, MD), containing 200 mL of total
reservoir buffer for each crystallization condition, and followed by incuba-
tion at 290 K. The reservoir buffer consisted of 200–550 mM magnesium
acetate, 5.0–7.5% PEG3350, and 20 mM Bis Tris at pH 6.6. Crystals
were visible after 1–2 days, and grew to ~200 mm in the longest dimension
after 1–2 weeks. For crystals to be incubated with substrate, 1 mL of soaking
buffer (150 mM calcium chloride, 2.5% PEG3350, 20 mM Bis Tris at
pH 6.6, and 10 mM C8E4) was added to each well, followed by incubation
overnight. The crystals were subsequently transferred into soaking buffer
containing 1 mM cyanocobalamin and 20% glycerol, and allowed to incu-
bate for at least 4 h. For x-ray diffraction, apo and Ca2þB12-soaked crystals
were transferred to cryo-buffer (150 mM magnesium acetate or calcium
chloride, 2.5% PEG3350, 20 mM Bis Tris at pH 6.6, 10 mM C8E4, and
20% glycerol) for 1–2 min before loop mounting and cryocooling by inser-
tion into liquid nitrogen. Diffraction data were taken at 90 K at the 22ID
beamline at the Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). See Table 1 for more details.Structure determination
Indexing, integration, and scaling of the diffraction data was performed
using HKL2000 (31). The structures were solved with PHASER (32)
maximum likelihood molecular replacement method, using PDB deposi-
tions 1NQE and 1NQH (22) as search models for the apo- and Ca2þB12-
bound data, respectively. To reduce model bias, V10 was deleted from
the apo-search model, and the entire Ton box was deleted from the Ca2þ-
CNCbl-bound search model. Model building was done in COOT (33),
and unrestrained TLS (34) refinement was performed using REFMAC
(35) and PHENIX was used to refine the occupancy of the spin label
(36). The spin-labeled residue V10R1 was manually built in COOT. Anom-
alous difference Fourier maps were calculated to accurately position bound
cobalt and calcium using Sfall and fast-Fourier transform (37). Completed
structures were evaluated and validated with MolProbity (38).Electron paramagnetic resonance
Apo- and Ca2þ B12-soaked crystals were incubated for at least 4 h in
cryobuffer and soaking buffer (with 1 mM cyanocobalamin and 20% glyc-
erol), respectively. Crystals were then transferred to a 0.60 ID  0.84 OD
round capillary with a syringe (Hamilton Syringe, Bonaduz, Switzerland)
for EPR spectroscopy, which was performed on an X-band EMX spectrom-
eter (Bruker Biospin, Billerica, MA) equipped with a dielectric resonator.
All EPR spectra were recorded with a 100 G magnetic field sweep at
2.0 mW incident power at a temperature of 298 K. The phasing, normaliza-
tion, and subtraction of EPR spectra was performed using LabVIEW soft-
ware provided by Dr. Christian Altenbach (University of California,
Los Angeles, California).Biophysical Journal 99(5) 1604–1610
TABLE 1 Data collection and refinement for BtuB-V10R1
Structure BtuB-V10R1 apo BtuB-V10R1 þCa2þB12
Data collection
Beamline APS-22ID APS-22ID
Wavelength (A˚) 1.000 1.000
Temperature (K) 90 90
Reflections observed 311,539 294,094
Unique reflections 32,472 32,358
Resolution range (A˚)* 50–2.40 (2.49–2.40) 50–2.45 (2.54–2.45)
Space group P3121 P3121
Cell dimensions a ¼ b ¼ 81.3 A˚,
c ¼ 226.6 A˚
a ¼ b ¼ 82.1 A˚,
c ¼ 224.5 A˚
a ¼ b ¼ 90,
g ¼ 120
a ¼ b ¼ 90,
g ¼ 120
Rsym (%) 9.1 (38.3) 12.1 (45.8)
Redundancy 9.6 9.1
Refinement
Resolution range (A˚) 44.1–2.44 (2.50–2.44) 44.0–2.44 (2.51–2.44)
Reflections used 30,769 30,642






Bond lengths (A˚) 0.021 0.019




Other C8E4 (7), Mg (4) CNCbl (1), Ca2þ (3),
C8E4 (6)
PDB accession code 3M8B 3M8D
*Highest resolution shell data shown in parentheses.
yRcryst¼ SkFobsj-jFcalck / SjFobsj, where Fobs and Fcalc are the observed and
calculated structure factor amplitudes, respectively.
zRfree is Rcryst calculated using 5% of the data which is randomly chosen and
omitted from the refinement.
1606 Freed et al.To determine the free energies and free energy changes between Ton box
states, the population of each Ton box conformation was determined by
spectral subtraction and quantitation of the spectral components as
described previously (24). For BtuB V10R1, the EPR spectra are linear
combinations of the spectra resulting from the folded and unfolded Ton
box conformations. As a result, the fraction of spins in each population
may be estimated by determining the contribution that each conformation
makes to the total spectrum. The label at position 10 was chosen for these
measurements, because EPR spectra for V10R1 yield dramatically different
lineshapes for the folded and unfolded forms of the Ton box. As a result, it
is easy to simulate both the folded and unfolded lineshape. In this case, the
mobile lineshape was simulated (using Redfield theory (39)) and subtracted
from the composite spectrum until a spectrum corresponding to the purely
folded Ton box conformation was obtained. Double integration of the first
derivative EPR spectra yields numbers that are proportional to spin number
and was used to estimate the populations of folded and unfolded Ton box.FIGURE 2 EPR spectra for V10R1 with (red traces) and without (blue
traces) substrate when BtuB is incorporated into (a) POPC bilayers, or
(b) in the protein crystal. The inset below is a 10 vertical expansion
showing a small signal from unfolded Ton box. The dashed vertical lines
indicate the positions of signals resulting from immobilized (i) and mobile
(m) nitroxide side chain, corresponding to folded and unfolded Ton box,
respectively.RESULTS
The Ton box exhibits a substrate-dependent
unfolding in bilayers but not in protein crystals
The label at position 10 was chosen for these experiments
for two reasons. First, the incorporation of R1 at some sites
may perturb the Ton box fold; however, the incorporation ofBiophysical Journal 99(5) 1604–1610R1 at position 10 does not appear to be highly perturbing
(20). Second, the spectra from BtuB-V10R1 are particularly
good at revealing different conformational substates of the
Ton box, and these states are easily quantitated from the
EPR spectra of V10R1.
Shown in Fig. 2 a are EPR spectra for BtuB-V10R1 with
and without substrate in lipid bilayers composed of POPC.
Spectra for BtuB-V10R1 in bilayers have been reported
previously (20), and in the absence of substrate the spectrum
is dominated by a broad component resulting from an
immobile spin-labeled side chain that is near the rigid-limit
of nitroxide motion at X-band (tc 30–50 ns). This broad
component results from a label that is in strong tertiary
contact with other side chains in BtuB. In the presence of
substrate, the spectrum changes dramatically and is domi-
nated by a narrow high-amplitude component arising from a
motionally averaged nitroxide attached to a disordered
backbone segment. A careful examination of the EPR line-
shapes in Fig. 2 a indicates that in each case (with or without
substrate), both immobile and mobile components can be
distinguished. These components represent folded and
unfolded substates of the Ton box in equilibrium (40), and
the populations of these substates may be estimated from
the EPR spectra using spectral subtraction (see Methods).
This estimate shows that in the presence of substrate
Membrane Protein Conformational Exchange 1607~50% of the Ton box is unfolded, and the free energy differ-
ence (DG) between these two states is approximately zero.
Fig. 2 b shows an analogous pair of spectra obtained for
V10R1 in protein crystals in cryo buffer (see Methods)
with and without substrate. In the protein crystal, each
spectrum reflects a nitroxide near the rigid limit of motion
at X-band. The substrate-induced transition, which is clearly
seen in bilayers (Fig. 2 a), is absent. A careful examination
of the EPR spectrum for crystallized BtuB in the presence
of vitamin B12 (Fig. 2 b) reveals a very minor mobile
component (arrow in Fig. 2). This component matches the
lineshape obtained for V10R1 in the unfolded state and
appears to represent a small fraction of unfolded Ton box
in the presence of substrate. Quantitation of this minor
component by spectral subtraction indicates that it repre-
sents <0.5% of the total spin signal from V10R1, and that
the folded form of the Ton box is stabilized by at least
3 kcal/mol for BtuB bound to substrate in the protein crystal.
Because the energy difference between the folded and
unfolded states of the Ton box is close to zero in bilayers,
the free energy difference between these two protein sub-
states is altered (a DDG) by ~3 kcal/mol for BtuB-V10R1
in the protein crystal.FIGURE 3 (a) Periplasmic view of the structure and electron density
(1s) showing the placement of the spin-labeled side chain V10R1 and
residues that closely interact with the label in the apo form (PDB ID:
3M8B) of BtuB. (Magenta) Backbone of the Ton box. (Beige) N-terminal
fold. (b) Periplasmic view of BtuB-V10R1 similar to that shown in panel
a, except with van der Waals surfaces rendered for the atoms. The label,
V10R1, is at the base of a periplasmic pocket in close tertiary contact
with a number of atoms. (c) A comparison of the Ton box of BtuB-
V10R1 with and without substrate. A side view of the crystal structure of
the Ca2þ-B12 bound form of V10R1 (PDB ID: 3M8D) is shown with B12
bound, and the Ton box (magenta). This structure was aligned with the
apo form of BtuB-V10R1 where only the Ton box is rendered (blue).Structures from crystals of BtuB-V10R1 show
no evidence for a substrate-dependent unfolding
Protein crystals of BtuB-V10R1 in the absence and presence
of substrate diffracted to 2.4 A˚ and the refinement details are
given in Table 1. In both cases, the Ton box is resolved and
folded within the protein interior, and several extracellular
loops become resolved in presence of ligand, as seen previ-
ously for wild-type (wt) BtuB (22). Fig. 3, a and b, displays
periplasmic views of BtuB-V10R1, where the position of
V10R1 in the protein interior as well as the configuration
of the Ton box is shown. The label is sitting at the bottom
of a pocket facing the periplasmic surface; and as expected,
it is interacting with a number of side chains, including
R219 and R255. As a result, conversion between label ro-
tamers should be highly restricted, consistent with the rigid
limit spectra seen by EPR (Fig. 2 b).
The angles for c1 and c2 (Fig. 1 c) for R1 typically
assume a limited set of rotameric states on protein surface
sites, where the rotamers allow for an interaction between
Sd and HCa (41). Here V10R1 is found to have c1 and c2
angles of 56 and 69 in the apo form and 49 and 60 in
the CNCbl-bound form, which are both in a {p, p} configu-
ration using the conventions of Lovell et al. (42). The entire
set of spin-label dihedral angles for V10R1 is given in
Table 2. The Sd-HCa distance for the R1 side chain is
~4.5 A˚, which is longer than that typically seen for R1 on
helix surface sites. Although this rotamer is energetically
allowed, it has not previously been observed in crystal
structures (41), presumably due to the sterically restricted
environment surrounding V10R1.Fig. 3 c compares the Ton box for the V10R1 mutant
with and without CNCbl. The R1 side chain and the Ton
box to which it is attached remain folded into the protein
interior upon the addition of substrate, consistent with a
lack of change in the EPR spectra shown in Fig. 2 b forBiophysical Journal 99(5) 1604–1610
FIGURE 4 EPR spectra from BtuB-V10R1 with bound ligand in (a) the
protein crystal, (b) in the crystallization buffer at a protein concentration too
dilute to form crystals, and in the apo state in (c) lipid bilayers and (d) the
protein crystal. The symbols i and m indicate immobilized and mobile
components in the spectra for panel b. The spectrum in panel c is identical
to the spectrum in Fig. 2 a, except that the small mobile component seen in
Fig. 2 a has been subtracted. All spectra are 100 Gauss scans.
TABLE 2 Summary of R1 side-chain dihedral angles and
rotamer designation
Mutant Rotamer c1 c2 c3 c4 c5
V10R1 apo {p,p} 56 69 83 67 67
V10R1 Ca2þ and B12 {p,p} 49 60 70 93 46
1608 Freed et al.the protein crystal. Substrate addition to BtuB-V10R1
produces a change in the position of residue 7, as seen previ-
ously for wt protein (22). However, residue 6, which is
resolved in the wt structure, is not resolved for BtuB-
V10R1 once substrate is bound. A B-factor analysis of the
Ton box backbone and side-chain atoms indicates that
when compared to wt BtuB structures, the BtuB-V10R1
has higher B-factors for the Ton box N-terminal to position
10, and a larger difference between apo- and ligand-bound
forms. Nonetheless, the fold of the Ton box in BtuB-
V10R1 is virtually identical to that seen in the wt structure
(the root-mean-square deviation is 1.2 A˚ and 1.5 A˚ for the
apo and CNCbl-bound forms of the Ton box, respectively,
when V10R1 and wt are compared). Hence, minimal struc-
tural changes in the Ton box are induced by this particular
label.Both the crystal lattice and solutes shift
the equilibrium between Ton box substates
To determine whether the crystal lattice makes a contribu-
tion to the free energy change when bilayer and crystal
forms of BtuB are compared, EPR spectra from V10R1
were compared for the protein crystal and the protein solu-
bilized into the cryo buffer. The two spectra for BtuB-
V10R1 (in the CNCbl bound form) are compared in
Fig. 4, a and b, and are clearly different. In particular,
the spectrum from solubilized protein (Fig. 4 b) yields a
mobile component with much higher amplitude than that
for the protein crystal (Fig. 4 a). This mobile signal has
a lineshape identical to that seen for the unfolded state in
the bilayer (Fig. 2 a). Quantitation of the two components
in this spectrum indicates that the mobile population makes
up ~8 5 2% of the total spins. This fraction of unfolded
Ton box corresponds to a change in free energy (a DDG
for this transition relative to the bilayer reconstituted
BtuB) of ~1.5 5 0.2 kcal/mol, indicating that solutes and
the crystal lattice make roughly equal contributions to the
change in conformational energy that is seen in the protein
crystal.
The lineshapes for the immobilized component in the
absence of substrate for the bilayer reconstituted and crys-
tallized BtuB-V10R1 are shown in Fig. 4, c and d, respec-
tively. In this case the mobile component was subtracted
from the bilayer BtuB-V10R1 (Fig. 2 a) to yield the immo-
bile component in Fig. 4 c. Both these lineshapes result from
immobile spin labels near the rigid limit of nitroxide
motion. However, the hyperfine extrema in Fig. 4 c areBiophysical Journal 99(5) 1604–1610not as distinct as in Fig. 4 d, and components representing
the g-tensor anisotropy in the central (mI ¼ 0) resonance
of BtuB-V10R1 are better resolved in the protein crystal
(Fig. 4 d). This difference provides an indication that addi-
tional motional modes are available for V10R1 in the
bilayer environment.DISCUSSION
In this work, SDSL was used to examine a conformational
equilibrium in the Escherichia coli outer membrane trans-
porter, BtuB, both in lipid bilayers and in protein crystals.
The results indicate that the equilibrium between folded and
unfolded forms of the Ton box is shifted by ~3 kcal/mol
when the protein is taken from the bilayer phase to the protein
crystal phase. This has the effect of stabilizing the folded form
of the Ton box in the protein crystal, and it provides an expla-
nation for the observation that the Ton box is resolved both in
the absence and presence of substrate in crystal structures (22),
but is seen to unfold in bilayers. It should be emphasized that
protein crystallography does not provide an incorrect structure
for BtuB. The conditions of the protein crystal alter the equi-
librium distribution of substates, compared to the distribution
found by EPR, to favor the more-compact-ordered conformer.
Osmolytes, such as PEGs, are well known to modify
protein behavior (43), and previous work has demonstrated
that osmolytes stabilize a folded form of the Ton box
(15,24,25) and stabilize more-compact, less-hydrated
conformations of the extracellular ligand-binding loops
(44). The data obtained here indicate that solutes and the
crystal lattice contribute almost equally to the energy
change seen in the Ton box equilibrium. While the action
of PEGs and other osmolytes is reasonably well understood,
Membrane Protein Conformational Exchange 1609it is not presently known how the protein lattice in the
crystal couples to the Ton box equilibrium and stabilizes
its folded form in BtuB. Previous work has shown that there
is an interaction between charged residues near the Ton box
and the BtuB b-barrel (40), and that eliminating this interac-
tion unfolds the Ton box. Conceivably, a change in the
dynamics or structure of the BtuB b-barrel when the protein
is in the crystal lattice might alter the energy of this interac-
tion and account for the effect of the lattice upon the Ton
box.
The structural biology of membrane proteins is far from
mature, and it is not known whether the effects seen here
on protein conformational sampling apply to a wider range
of membrane proteins. Bacteriorhodopsin is perhaps the
best-studied membrane protein, and there are indications
that the kinetics of the photocycle are modified in the
three-dimensional crystalline lattice when compared to the
native membrane (45). Solution NMR can provide high-
resolution structural data on membrane proteins in micelles,
allowing comparisons to be made with crystal structures.
NMR spectroscopy is often found to resolve portions of
proteins that are not resolved by crystallography (as seen
for DsbB (46)), presumably because NMR is better at exam-
ining structures that are inherently dynamic. In outer
membrane porins, such as OmpA, the strands of the b-barrel
are shorter in the NMR-derived structures than in the crystal
structures (47); however, it is not clear whether this differ-
ence is a result of crystallization conditions or the micellar
environment used for NMR. Even in a reconstituted bilayer
environment (which is a much better approximation to the
native environment than the protein crystal), protein confor-
mational sampling may be modulated relative to the native
environment (48–51); however, many of these effects appear
to be due to the fraction of acidic lipids selected for the
reconstitution, which in turn control local ion concentrations
and pH. As for BtuB, the Ton box equilibrium does not
appear to be modulated by lipid composition (Q. Xu and
D. S. Cafiso, unpublished); this equilibrium is maintained
within range of reconstituted bilayers as well as intact outer
membrane preparations (19).
Changes in the equilibrium distribution of protein confor-
mational substates are thought to underlie protein signaling
events (52) and allostery (53). Because of its fast timescale,
EPR spectroscopy is particularly well suited to detect these
conformational substates and to measure conformational
equilibria in proteins. In BtuB, SDSL demonstrates that
both the folded and unfolded states of the Ton box are
sampled and that substrate binding shifts the equilibrium
to the more disordered state. Furthermore, colicin E3, which
is also a ligand for BtuB, shifts the Ton box equilibrium to
favor the folded, ordered state of the Ton box (54). These are
precisely the types of changes that are proposed to underlie
protein signaling, and in the present case, they may function
to regulate coupling between BtuB and inner membrane
protein TonB.We thank Dr. Robert Nakamoto for careful reading of this manuscript.
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